Aim: Adiponectin has insulin-sensitizing, anti-atherogenic, and anti-inflammatory properties, and researchers have recently reported that -3 polyunsaturated fatty acid (PUFA) can increase the serum adiponectin concentration, suggesting that dietary factors, such as fish intake, may have an influence on the serum adiponectin concentration. In general, Japanese subjects consume twice as much fish as people in other countries. We hypothesized that incremental change in serum -3 PUFA levels by fish intake is an important regulator of serum adiponectin even in Japanese subjects. The aim of this study was to explore the relationship among fish consumption, serum -3 PUFA, such as eicosapentaenoic acid (EPA), levels, and serum adiponectin levels. Method: We recruited 17 healthy Japanese volunteers (seven men and 10 women) for an 8-week fishdiet intervention ( -3 PUFA 3.0 g/day) without affecting total energy intake, and measured serum adiponectin concentration and fatty acid profiles. Results: Fish-diet intervention significantly increased the serum adiponectin concentration in women (from 13.5 4.6 to 15.8 5.2 g/mL, p 0.01) but not in men (from 8.7 2.8 to 8.7 2.5 g/mL). Serum -3 PUFA increased more in female subjects than male subjects after the fish-diet intervention (57.3 86.6 vs 150.9 46.7 g/mL, p 0.011), suggesting that changes in -3 PUFA concentration may explain the different response between sexes. Conclusion: A fish-based diet intervention increased the serum adiponectin concentration in young, non-obese, healthy Japanese female subjects. The increment in serum -3 PUFA may regulate the serum adiponectin concentration. J Atheroscler Thromb, 2010; 17:628-637.
Introduction
The beneficial effects of dietary fish intake on coronary heart disease, sudden cardiac death, and all-cause mortality have been discussed for many decades [1] [2] [3] [4] . The anti-atherosclerotic effects of -3 polyunsaturated fatty acids (PUFAs), such as eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), the underlying mechanism responsible for this phenomenon remains unknown.
Adiponectin is one of the hormones secreted from adipocytes, and is recognized as having anti-inflammatory and anti-atherosclerotic effects 11) . Low plasma adiponectin is a risk factor for myocardial infarction and cerebral infarction 12, 13) . Recently, Neschen S and Morino K et al. and others have reported that fish oil consumption increases plasma adiponectin concentrations in mice 14, 15) . In humans, it is still debated whether -3 PUFAs regulate serum adiponectin concentrations; for example, a study in France in which the -6/ -3 fatty acid ratio was reduced in healthy subjects 16) and a study in the United Kingdom in which healthy volunteers were given a salmon-rich diet 17) both showed an increase in serum adiponectin levels. In contrast, a study in the United States in which overweight subjects were given -3 PUFA showed no change in serum adiponectin levels 18) . This study had two aims. First, we investigated whether fish-diet intervention affects the serum adiponectin concentration in Japanese subjects, who consume twice as much fish as people in other countries at baseline. Second, we sought to identify the factors associated with the serum adiponectin concentration.
Here, we show that fish-diet intervention increased the serum adiponectin concentration in young, non-obese and healthy Japanese female subjects.
Subjects and Methods

Subjects
Seventeen healthy subjects were recruited (seven men and 10 women; mean age 32.1 6.7 years old; mean body mass index (BMI) 20.1 2.7 kg/m 2 , which did not change during this dietary intervention study) in Otsu City, Japan. The main inclusion criteria were young age (20 − 50 years), non-obese (BMI 30 kg/m 2 ) and normal glucose metabolism (FPG 110 mg/dL; glycoalbumin 16.3%). Subjects with a previous diagnosis of diabetes mellitus or intake of fish oil supplements were excluded. None of the subjects had a history of hyperlipidemia or inflammatory disease and all were apparently healthy, as indicated by the medical questionnaire, physical examination and routine laboratory tests completed at enrollment. The nature and potential risks of the study were explained to all subjects and written informed consent was obtained. The study was carried out in accordance with the principles of the Declaration of Helsinki. The protocol was approved by the ethics committee of Shiga University of Medical Science.
Diet and Experimental Design
The protocol consisted of an 8-week dietary intervention period and a 4-week follow-up period. During the fish-diet intervention period, the study subjects were instructed to eat no less than 3.0 g/day -3 PUFA derived from fish (e.g. Pacific saury, salmon, and sardines etc). The subjects were appropriately advised by a dietician to modify their habitual diet qualitatively but not quantitatively. To support the subjects, a lunch box with fish (containing approximately 2 − 3 g -3 PUFA) was provided daily from Monday to Friday. At enrollment, all subjects were given written and verbal instructions by a dietician on how to complete a 3-day dietary record with a digital photograph of each meal, which were performed in week 8 of the fish-diet intervention, and week 4 of the follow-up period. The subjects also kept a food diary to record daily fish intake. Nutritional intake, including -3 PUFA intake, was calculated using food composition tables specific for Japanese subjects (Eiyoukun, version 4.0; Kenpakusya, Tokyo, Japan). The subjects were given advice on maintaining a constant physical activity level throughout the study. The subjects underwent a day of testing at baseline, after 8 weeks of the fish-diet intervention, and at the end of the 4-week follow-up period, which included anthropometric measurements, blood samples, and body composition after a 10 − 16-hour overnight fast.
Weight and Body Composition
Body weight was recorded to the nearest 0.1 kg with an electronic scale with the subject wearing no shoes and light clothing. The percentage (%) of body fat was determined by bioelectrical impedance analysis (Bio Electrical Impedance Analyzer System; Tanita, Japan).
Laboratory Analyses
All qualifying subjects underwent a complete medical history evaluation and a physical examination. Blood samples were taken after an overnight fast. Serum glucose concentrations were measured with the hexokinase G6PD UV method (Shino-Test Inc. Japan). Serum insulin concentrations were measured with a chemiluminescent enzyme immunoassay (LUMIPULSE ® Presto ® ; Fujirebio Inc., Japan). Serum fatty acid concentrations were determined by an enzymatic method (NEFA-SS ® ; EIKEN CHEMI-CAL CO., Japan), and serum glycoalbumin and triglyceride concentrations were also determined enzymatically (Lucica ® GA-L and Pureauto TG ® ; Sekisui Medical, Japan). Serum total cholesterol concentrations were measured by a cholesterol dehydrogenase ultraviolet method. Serum HDL cholesterol concentrations were determined by a direct method (Cholestest ® N HDL; Sekisui Medical, Japan). LDL cholesterol was calculated using the Friedewald equation (total cholesterol [HDL cholesterol triglyceride/5]). Insulin resistance was evaluated using homeostatic model assessment (HOMA) and calculated as the product of the fasting serum glucose and insulin concentration. Serum fatty acid profiles were determined by gas chromatograph-mass spectrometry (GC/MS). Total serum adiponectin concentrations were measured using a commercially available enzyme-linked immunosorbent assay (ELISA) kit (Otsuka Pharmaceutical, Japan).
Statistical Analysis
Statistical analyses were performed with SPSS version 17.0 (SPSS Inc., Japan, 2008). The distribution of variables was analyzed by checking histograms and normal plots of the data, and normality was tested using Kolmogorov-Smirnov and Shapiro-Wilk tests. Repeated-measures analysis of variance (RM-ANOVA) was performed for comparisons among time (baseline, at week 8 of the fish-diet intervention, and at week 4 of follow-up) and sex 18) . A post-hoc test was performed with RM-ANOVA with a reduced number of levels of within-subject factors by including either just the baseline and week 8 of the fish-diet intervention, or just the baseline and week 4 of follow-up, or week 8 of the fish-diet intervention and week 4 of follow-up. If the assumption of sphericity did not hold, the Greenhouse-Geisser correction factor was used to adjust the df. Pearson correlation coefficients were calculated to investigate the association among variables and adiponectin concentration.
All data are expressed as the means SD for con- tinuous variables and values of p 0.05 were considered significant, unless specifically described.
Results
Subjects and Diet Diaries
The anthropometric and body composition values of the study subjects did not change significantly during the fish-diet intervention, and there were no subject withdrawals ( Table 1) . Dietary intake was estimated by analyzing the diet diaries at baseline, at week 8 of the fish-diet intervention, and at week 4 of the follow-up period. Compliance with the dietary intervention was good, with no modification of energy intake. For macronutrient, the intake of protein significantly decreased in week 4 of the follow-up period in men, but the intake of fat and carbohydrate was unchanged. At baseline, the intake of fish in men and women was 105 44 g/day and 82 72 g/day, and the intake of -3 PUFA was 3.6 1.2 g/day and 2.8 1.3 g/day, respectively. During the fish-diet intervention, the intake of fish and -3 PUFA was significantly increased, whereas the intake of -6 PUFA decreased. At the end of the follow-up period, all changes in nutrient intake had returned to the baseline levels ( Table 1) .
Serum Fatty Acid Profiles
The serum fatty acid profiles were determined for all subjects. Serum eicosapentaenoic acid (EPA), docosahexaenoic acid (DHA) and total -3 PUFA concentrations changed significantly and there was a difference by sex in this change ( Table 2) . Post-hoc RM-ANOVA showed that the fish-based diet for 8 weeks significantly increased serum EPA (p 0.001), DHA (p 0.001) and total -3 PUFA (p 0.0001) concentrations in women. In men, serum EPA significantly increased (p 0.05), and DHA and total -3 PUFA tended to increase at 8 weeks of the fish-diet intervention (Table 2, Fig. 1 ). The -linolenic acid, -3 PUFA derived from plants, concentration did not change significantly throughout the fish-diet intervention. Meanwhile, serum -6 PUFAs, such as linoleic acid, -linolenic acid, arachidonic acid, and total -6 PUFA, changed significantly throughout the fish-diet intervention, with no effect of sex on change. Post-hoc RM-ANOVA showed that -6 PUFA concentrations were significantly decreased by the fish-diet intervention both in men and women. All serum fatty acid levels returned to the baseline levels after 4 weeks of follow-up ( Table 2) .
Fasting Glucose, Insulin, Lipid and Adiponectin Concentrations
The serum adiponectin concentration was significantly higher in female subjects, as reported previously ( Table 2 ). The serum adiponectin concentration changed significantly (p 0.015) throughout the fishdiet intervention and there was a significant effect of sex on this change (p 0.019). Post-hoc RM-ANOVA showed that the serum adiponectin concentration in female subjects increased significantly from 13.5 4.6 g/mL at baseline to 15.8 5.2 g/mL (p 0.01) at week 8 of the fish-diet intervention, and returned to the baseline level at the end of the follow-up period, but not in men ( Table 2, Fig. 2 ). Fasting serum glucose, insulin, and glycoalbumin concentrations, and the HOMA index were unchanged throughout the fish-diet intervention ( Table 3) . The triglyceride concentration changed significantly throughout the study, with no effect of sex on change. Post-hoc RM-ANOVA showed that the triglyceride concentration tended to decrease at week 8 of the fish-diet intervention, and returned to the baseline level at the end of the follow-up period both in men and women. Total cholesterol and LDL cholesterol concentration did not change throughout the study ( Table 3) .
Correlations between Serum Adiponectin and -3 PUFA Concentrations
Serum adiponectin concentration was negatively correlated with -3 PUFA at baseline (r 0.535, p 0.027), but not after 8 weeks of the fish-diet intervention, and 4 weeks of follow-up. When adiponectin and -3 PUFA changes were calculated as value (serum concentration at week 8 minus baseline concentration), adiponectin was positively correlated with -3 PUFA (r 0.551, p 0.022) (Fig. 3) . 
Different Responses of Serum EPA and -3 PUFA Concentrations in Men and Women
We focused on the different responses of serum EPA and -3 PUFA concentrations in both sexes due to the diverse responses of the serum adiponectin concentration after the fish-diet intervention. Serum EPA and -3 PUFA concentrations at baseline were significantly higher in male subjects (88.8 33.1 g/mL vs 42.1 16.0 g/mL, p 0.0014, 272.0 63.6 g/mL vs 165.1 29.7 g/mL, p 0.0003) (Table 2, Fig. 1) . After the fish-diet intervention (3.0 g/day of -3 PUFA), serum EPA and -3 PUFA concentrations reached almost comparable levels in both sexes. Women showed a greater serum -3 PUFA response with the fish-diet intervention than men (57.3 86.6 g/mL, vs 150.9 46.7 g/mL, p 0.011) (Fig. 1) .
Discussion
Here, we have shown that increased consumption of fish for 8 weeks elevated serum adiponectin concentrations in young, non-obese and healthy Japanese subjects, which was consistent with fish-oil feeding in rodents 14, 15) . It was also compatible with recent reports from the United Kingdom and France 16, 17) . People in Japan consume more fish per capita than people in other countries; it has been reported that the median serum -3 PUFA concentration in Japanese people is much higher than in Caucasian and Japanese Americans 5, 19) . Although, the serum -3 PUFA concentration in this study at baseline was about 2 − 3-fold higher than in earlier studies in France and the United Kingdom, the additional increase in fish consumption in this study further elevated the serum adiponectin concentration, suggesting that -3 PUFA may play a significant role in the regulation of serum adiponectin levels even in Japanese. This speculation is also supported by a recent report in which highly purified EPA treatment increased the plasma adiponectin concentration in obese subjects 20) . In this study, we found that fish-diet intervention induced a greater response in serum adiponectin Change in serum -3 PUFA concentration in men and women. At baseline (0 week), serum -3 PUFA concentration was higher in men than women (p 0.0003). After the fish-diet intervention, serum -3 PUFA concentration was significantly increased in women (p 0.0001). At week 8 of the fish-diet intervention (8 weeks), there was no difference between men and women. PUFA: polyunsaturated fatty acid, n.s.: not significant in female than male subjects, whereas previous studies had not discussed the gender effect [16] [17] [18] . Serum HMW adiponectin concentration was also significantly increased by fish-diet intervention in women, but not in men, without changes in the HMW/total adiponectin ratio (data not shown); the mechanism underlying this phenomenon is not clear. In general, women have higher serum adiponectin concentrations, which can be explained by the inhibitory effect of testosterone on adiponectin secretion 21, 22) . It is possible that there are sex differences in serum adiponectin levels and responses, not only in the basal state but also after the fish-diet intervention. Interestingly, women showed a greater serum -3 PUFA response with the fish-diet intervention than men (57.3 86.6 g/mL, vs 150.9 46.7 g/mL, p 0.011) (Fig. 1) . In this study, we found that serum -3 PUFA concentrations at baseline were higher in male subjects (272.0 63.6 g/mL vs 165.1 29.7 g/mL, p 0.0003) (Fig. 1) . One possible explanation for this is the relatively higher intake of -3 PUFA in men at baseline (3.6 1.2 g/day vs 2.8 1.3 g/day, p 0.199) ( Table 1) . After the fish-diet intervention (3.0 g/day of -3 PUFA), serum EPA and -3 PUFA concentrations reached similar levels in both sexes, resulting in a lower increment of serum -3 PUFA in male subjects. Furthermore, we found that -3 PUFA was the only factor showing a significant correlation with adiponectin as contrasted with other parameters, such as -6 PUFA, -9 PUFA, triglyceride, and HDL cholesterol concentrations. This suggests that the lower response to the fish diet in male subjects might be due to less increase of serum -3 PUFA.
Another possible explanation for the difference between sexes is the loading dose of -3 PUFA per body weight. Our protocol led subjects to have 3.0 g/day of -3 PUFA from fish. The fish-diet intervention probably elicited a greater response in serum -3 PUFAs levels in women because female subjects had a lower body weight than male subjects (66.0 10.4 kg vs 49.8 7.2 kg, p 0.002). One report from the United States showed no change in serum adiponectin levels with an -3 PUFA-enriched diet (3.5% of energy intake) 18) . We speculate that the lack of response may be due to the insufficient intake of -3 PUFA in obese subjects.
In contrast to -3 PUFA, the intake of -6 PUFA and serum -6 PUFA levels were significantly decreased after the fish-diet intervention. We speculate that the increased fish intake decreased the intake of other foods. In order to evaluate the effect of the serum -6 PUFA level on adiponectin, we analyzed the correlation between -6 PUFA and adiponectin and found no relationship. These results suggested that the increment in serum adiponectin concentration might be due to the increment of serum -3 PUFA rather than -6 PUFA concentration.
At baseline, the serum adiponectin concentration was negatively correlated with -3 PUFA concentration. In general, the serum adiponectin concentration is affected by sex 21, 22) and BMI 23) . In fact, the serum adiponectin concentration was higher in women than men, and tended to negatively correlate with BMI in this study, suggesting that -3 PUFA concentration is probably not a profound factor as compared with sex and BMI. It is also possible that the effect of fish-diet intervention on serum adiponectin concentration (observed for at least 8 weeks) is transient, or that substances such as resolvin 24) , but not -3 PUFA, might be responsible for the increased adiponectin concentration.
The beneficial effects of fish or -3 PUFA on triglycerides 25) , fibrinogen 26) , blood pressure levels 27) , platelet aggregation 28, 29) , blood viscosity 29) , leukotriene formation 30) , and endothelial cell proliferation 31) have been reported. In the present study, the fish-diet intervention tended to reduce the triglyceride concentration. In addition to these changes, the anti-atherosclerotic effect of fish was possibly due to the increased adiponectin concentration. In this study, the increment of the serum adiponectin concentration in response to fish consumption was relatively small, and was compatible with previous clinical trials 16, 17, 32) . It might be an important question whether this relatively small increase in adiponectin concentration could have any clinical meaning.
There are some limitations which should be considered in this study. The sample size was relatively small, especially to analyze gender differences. The subjects in this study were young, healthy, non-obese, and had normal adiponectin levels at baseline. Further studies are needed to apply a fish-based diet as a novel therapy for subjects with low adiponectin levels. Another limitation of this study is that there was no control, but we continued to observe the subjects for a further 4 weeks after the 8-week fish-diet intervention and found that most serum parameters had returned to the basal state at the end of the follow-up period.
In conclusion, a fish-based diet intervention increased the serum adiponectin concentration in young, non-obese, healthy Japanese female subjects. The increment in serum -3 PUFA may regulate the serum adiponectin concentration.
